This paper presents the model development component of a body of research which addresses aggregation and scaling in multiscale hydrological modeling. Water and energy balance models are developed at the local and catchment scales and at the macroscale by aggregating a simple soil-vegetation-atmosphere transfer scheme (SVATS) across scales in a topographic framework. A spatially distributed approach is followed to aggregate the SVATS to the catchment scale. A statistical-dynamical approach is utilized to simplify the large-scale modeling problem and to aggregate the SVATS to the macroscale. The resulting macroscale hydrological model is proposed for use as a land surface parameterization in atmospheric models. It differs greatly from the current generation of land surface parameterizations owing to its simplified representation of vertical process physics and its statistical representation of horizontally heterogeneous runoff and energy balance processes. The spatially distributed model formulation is explored to understand the role of spatial variability in determining areal-average fluxes and the dynamics of hydrological processes. The simpler macroscale formulation is analyzed to determine how it represents these important dynamics, with implications for the parameterization of runoff and energy balance processes in atmospheric models. This paper presents the model development component of a body of research which addresses aggregation and scaling in multiscale hydrological modeling. Methodologies for aggregating process physics known at small scales to the catchment and macroscales are presented. Water and energy balance models at the local, catchment, and macrosca!es are described. In a second paper [Famiglietti and Wood, this issue] the models are applied at their appropriate scales at the site of the First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE). A 3061 3062 FAMIGLIETTI AND WOOD: MULTISCALE WATER AND ENERGY BALANCE MODELING third paper [Famiglietti and Wood , 1994] (hereinafter referred to as paper 3) explores the interrelationship between the aggregation and scale problems. The scales at which spatially variable hydrological processes must be represented explicitly, using a spatially distributed approach (explicit aggregation), or statistically, using a statistical-dynamical approach (statistical aggregation), are investigated. The existence of a threshold modeling scale, which marks the transition in modeling requirements, is investigated as well.
Introduction
The hydrologic cycle is a major component of the earth's climate system. It interacts with the other system components (the solid Earth, the oceans, and the atmosphere) over a wide range of spatial and temporal scales. This interaction affects a number of physical, chemical, and biological processes, including climate, weather, biogeochemical cycles, and ecosystem dynamics. However, the nature of these interactions, including their mechanisms and impacts, is poorly understood.
Studies of such coupled-system problems are often conducted using numerical atmospheric models. A number of studies with general circulation models (GCMs) and mesoscale atmospheric models have shown that the land component of the hydrologic cycle is particularly responsible for maintaining long-term climate and the temporal variability of weather and climate (see Mintz [1984] , Avissar and Verstraere [1990] , and Wood [1991] for reviews of these studies). However, a major acknowledged weakness in these atmospheric models is that the grid-scale (macroscale) parameterizations of land surface hydrology are often overly simplistic representations of complex, spatially variable processes of land-atmosphere interaction. Improving the reliability in macroscale hydrological models is a critical step toward understanding the relationship between the hydrologic cycle and the other components of the Earth system.
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To develop more realistic parameterizations of landhydrological processes, hydrologists require an improved understanding of the land surface water and energy balance over a range of increasing spatial scales. Gaining this understanding is not straightforward, because as the scale of the hydrologic modeling problem increases, the complexity of the problem increases as well. One of the major issues in developing larger-scale hydrological models is known as the aggregation problem, that is, What is the proper representation of macroscale hydrologic response given that the dynamics of hydrological processes occur over various spatial and temporal scales? The problem is compounded by the tremendous natural heterogeneity of the land surface. A second and related issue is the scale problem, that is, What is the relationship between spatial variability, scale, and the realistic description of hydrological processes? The aggregation and scale issues are related because the aggregation problem depends on the degree of spatial variability of hydrological processes and the scale of the modeling problem.
The remainder of this paper is organized as follows. In section 2, coupled water and energy balance models are presented at the local scale, catchment scale, and macroscale. A topographic framework, previously used to aggregate runoff processes to larger scales [Beven and Kirkby, 1979; Beven, 1986; Sivapalan et al., 1987] , is invoked to aggregate both runoff and energy balance processes to the catchment scale and macroscale. In section 2.1 a simplified soil-vegetation-atmosphere transfer scheme (SVATS) is developed by combining point representations of atmospheric forcing, vertical soil water transport, and plant control of transpiration. Model states include surface temperature, canopy water storage, moisture content in two soil layers, and the local water table depth as a lower boundary condition. In section 2.2 a spatially distributed, grid-based approach is employed to aggregate the simple SVATS to the catchment scale, which in this paper is defined as less than 100 km2. An important assumption in moving from the point to the catchment scale is that explicit patterns of spatia!ly variable model inputs and parameters can significantly affect catchment-scale hydrologic response. Another assumption is that spatial variability in topographic and soil properties dominates the process of downslope redistribution of soil water. Therefore the spatial pattern of the topographic-soil index [Beven, 1986] is employed to model the spatial pattern of water table depths [Sivapalan et al., 1987] , thus coupling the grid elements within the catchment through the process of saturated subsurface soil water flow. In section 2.3 a statistical-dynamical approach is utilized to simplify the large-scale modeling problem and to aggregate the SVATS to the macroscale, which is defined as the grid scale of an atmospheric model (10 km for mesoscale models to greater than 100 km for general circulation models, or GCMs). An implicit assumption at this scale is that a spatially distributed representation of important spatial variability (e.g., the topographic-soil index) can be replaced by a simpler, statistical representation. Such an assumption allows spatial!y variable runoff, and energy balance processes to be incorporated into the macroscale framework in a simple yet hydrologically realistic fashion.
The macroscale formulation is proposed for use as a land surface parameterization in atmospheric models. It differs greatly from vertically sophisticated Biosphere-Atmosphere Transfer Scheme (BATS) [Dickinson et al., 1993] or Simple Biosphere Model (SiB) [Sellers et aI., 1986] Liang et al., 1994 ] to incorporate lateral subsurface soil water redistribution [Pitman et al., 1993] and thus subgridscale spatial variability in the runoff and energy fluxes.
In section 3, the spatially distributed model formulation is explored to understand the role of spatial variability in determining areally averaged fluxes. The macroscale formu. lation is compared with the spatially distributed formulation to determine how it represents important spatial variability, with implications for parameterizing land surface water and energy balance processes in atmospheric models. Sections 4 and 5 contain a discussion and summary, respectively.
Model Descriptions

A Local Soil-Vegetation-Atmosphere Transfer Scheme
In this section a simple SVATS is briefly described. This local model is described in more detail by Famiglietti [ 1992] .
The purpose of the model is to predict the diurnal dynamics of the water and energy fluxes at the land surface and to predict local vertical recharge to the water table. By necessity, the structure of the model is considerably more simple than currently operational SVATS, so that it can be applied repeatedly in space and time. For example, a spatially distributed model may require local water balance computations for hundreds of thousands of grid elements at small time increments. Therefore, the vertical soil moisture fluxes are represented using approximate analytical solutions to the governing equations for soil water flow in the unsaturated zone [Richards, 1931 ] in the manner of Eagleson [ 1978] . The resulting model structure is detailed enough, however, to represent the essential physics at the land-atmosphere interface.
The processes represented within the SVATS are shown in Figure 1 . The land surface is partitioned into bare-soil and vegetated components. The vegetated component is assumed to be distributed uniformly over the surface. An interception store is maintained within the canopy so that wet and dry canopy are recognized. Evaporation and transpiration are computed for the wet and dry canopy, respectively. Evaporation is computed for the bare-soil component of the surface. The sensible and ground heat fluxes are also computed for the wet canopy, dry canopy, and bare soil but are not shown in The surface runoff and energy fluxes depend strongly on surface soil moisture. Consequently, the subsurface soil column is partitioned into two layers. An upper, more active root zone is modeled, which supplies the bare soil and vegetation with soil moisture for evapotranspiration. Its state of wetness also affects the magnitude of the infiltration and runoff fluxes. In addition to infiltration and evapotranspiration, two other root zone soil water fluxes are modeled,. A drainage flux exits from the base of the root zone and enters the transmission zone. An upward flux of soil water from the water table due to capillary forces is modeled as well. Roots are assumed to extend uniformly throughout the root zone.
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Beneath the root zone a lower, less active transmission zone is modeled. This zone extends from the base of the root zone to the top of the capillary fringe, which overlies the water table. The base of the transmission zone forms the lower boundary of the SVATS. Soil water fluxes through the transmission zone include the drainage flux from the root zone, which enters through the top of the transmission zone, and a drainage flux out of the transmission zone. The upward capillary flux from the water table passes through the transmission zone and into the root zone. The model is driven with standard meteorological data at a time resolution high enough to resolve the diurnal dynamics of land-atmosphere interaction (1-2 hours). Driving data include precipitation, shortwave radiation, longwave radiation, pressure, humidity, air temperature, and wind speed. A summary and description of model parameters is found in 
Local water balance equations. Prognostic equa-
tions for the SVATS model states are given below.
Interception storage water balance equation: The water
balance for the canopy is given by dw c/dt = p -e ,.c -P net 0 • w c • Wsc (1) with e,,c = tOwcewct (2) where p is the precipitation rate, ewc is the wet canopy evaporation rate, P net is the net precipitation that occurs when the canopy water storage capacity Wsc has been exceeded, ewc t is the rate of evaporation from the entire wet canopy (described later), and Wwc is the areal fraction of wet canopy, which is determined from Deardorff[1978] 
The infiltration capacity for bare and vegetated soils is given by Milly [1986] in terms of cumulative infiltration I, soil properties, and the root zone moisture content at the start of each storm event.
The rate of capillary rise is based on the result of Gardner where R,, is the net radiation, Pw is the density of liquid water, pwLE is the latent heat flux into the atmosphere, H is the sensible heat flux into the atmosphere, and G is the heat flux into the ground. Net radiation is given as
Rn = Rsa(1 -a) + eR!a-ecrT• (19)
where R sa is downward shortwave radiation, a is the albedo, e is the emissivity, Rla is the downward longwave radiation, rr is the Stefan-Boltzmann constant, and Tt is the tempera- 
where p is the density of air, c p is the specific heat of air at constant pressure, -y is the psychometric constant, r c is the canopy resistance, ray is the aerodynamic resistance, e*(Tl)
is the saturation vapor pressure at the surface temperature Tt, and e a is the vapor pressure at some level above the canopy or soil surface Z a. The flux of sensible heat is described by H = (pCp/rah)(r I --ra)
where rah is the aerodynamic resistance to heat flow, and T a is the air temperature at Z a. Ignoring the effects of heat storage in the surface soil layer, heat flux into the surface, G, is assumed to be a linear function of the subsurface temperature gradient and is given by 
Aggregating the Local Model to the Catchment Scale
In this section, one approach to aggregating local process physics to the catchment scale is described. A key assumption in scaling up from the point to the catchment scale is that explicit patterns of spatially variable model inputs and parameters can significantly affect hydrologic response and must therefore be incorporated into models applied across these scales. Consequently, a spatially distributed model structure is developed for use at the catchment scale. While not theoretically limited to the catchment scale, the spatially distributed model structure may be operationally limited to this scale owing to computational constraints, the cumbersome nature of spatially distributed input and output data, and the lack of available large-scale, high-resolution data sets for model calibration and validation. Also 
The spatially distributed model formulation employs a digital elevation model to represent catchment topography.
The catchment is discretized into grid elements based on the resolution of the digital elevation model (DEM) and the local SVATS is applied to each catchment grid. Spatia!ly distributed fields of model parameters and inputs (e.g., atmospheric forcing, topographic, soil, and vegetation properties) are coregistered with the DEM so that spatial variability in model outputs (e.g., soil moisture, evapotranspiration, runoff) is represented explicitly (see Figure 2 ). The catchmentaverage hydrologic response is simply the average of the local grid element responses. This model is described in detail by Famiglietti [1992] . It extends the work of Famiglietti et al. [1992] by incorporating a more realistic and dynamic description of the water and energy balance between the water table and the top of the canopy (the SVATS of the preceding section) while maintaining a simple, computationally efficient model structure.
Since the SVATS requires the local water table depth as a lower boundary condition, the spatially distributed model framework requires the spatial pattern of water table depths to couple grid elements together at the catchment scale. A simplified, topographically based methodology for computing and updating the catchment-scale pattern of water table depths is :emp!oyed. The topographic-soil index of Beven [1986] is utilized to parameterize spatial variability in topographic and soil properties, and thus water table depth, between catchment grid elements. This procedure is reviewed in section 2.2.1.
The model uses the same parameters as the local SVATS (see Table 1 ) and is driven with the same standard meteorological data. However, the model structure can 
Lateral subsurface flow and water table dynamics.
All soil water transport in the unsaturated zone is assumed vertical and noninteractive between grid elements. However, as was mentioned above, a simple topographic framework is employed to compute saturated subsurface flow between grid elements and the spatial pattern of local water The parameters Q0 and f, as well as the spatial distribution of the topographic-soil index, are required to operate the model in addition to those parameters listed in Table 1 . Techniques for estimating Q0 and f are described by Famiglietti et al. [1992] .
Catchment-scale water balance is maintained by ensuring that water storage changes in the canopy, unsaturated zone, and saturated zone are equal to the sum of precipitation less evapotranspiration and runoff. Catchment-scale energy balance is guaranteed by enforcing R• -G i -pwLE i -H i = 0 at each catchment grid element.
Aggregating to the Macroscale
Explicit aggregation using a high-resolution spatially distributed hydrological model is simply not feasible for use at the grid scale of regional and global atmospheric models. However, subgrid-scale spatial variability in certain land surface properties and processes will have a significant impact on the grid-scale water and energy fluxes and must somehow be represented within macroscale models. The question of which heterogeneities dorninate land-surface response at the macroscale, and how to incorporate these heterogeneities into land-surface parameterizations, is a central issue in the development of these models. Spatial variability in vegetation, topography, rainfall, soil moisture, etc., acts in concert to produce the grid-scale fluxes. The relative roles of these variables likely change with geographic location and space-time scale. The work presented in this paper is directed in part at developing modeling tools to address these questions.
In this section a second approach to the aggregation problem is described which is appropriate for use at the macroscale. At such large scales the modeling problem must be simplified to maintain computational efficiency and so that the resulting parameterization can be incorporated into atmospheric models, which already have tremendous computational overhead. The approach described here is to identify important land surface heterogeneity, and to simplify its representation within a macroscale model (e.g., statistical rather than spatially distributed). Because we are interested in improving both runoff and energy balance in grid-scale models, we propose that subgrid-scale spatial variability in root zone soil moisture content is a dominant control on the grid-scale water and energy balance. The spatial distribution of root zone soil moisture determines the location, type, and magnitude of the surface runoff fluxes; it also determines which land surface regions evaporate at potential rates versus lower magnitude soil-and vegetationcontrolled rates. To model these soil moisture dynamics, we assume that subgrid-scale variations in topography and soils dominate the process of spatial redistribution of soil water over large land areas. A second assumption at the macroscale is that a threshold modeling scale has been exceeded, so that the exact pattern of topographic and soil heterogeneities need not be represented explicitly within the model structure; at this scale a statistical representation of the variability will suffice. The existence of this threshold scale, called a representative elementary area (REA) [Wood et al., 1988] , and the validity of the assumptions outlined above, have been investigated for runoff and evapotranspiration modeling by Wood et al. [1988] and in paper 3, respectively.
Based on these assumptions, a statistical distribution of the topographic-soil index is employed as the framework of this parameterization because it is representative of subgridscale spatial variability in topographic and soil properties. Figures 4a to 4e represent time steps in the early morning (12!5 UT), midmorning, noon, midafternoon, and early evening (0015 UT). These images were extracted from a 12-day simulation of water and energy balance run at half-hourly time steps from October 5 to 16, 1987. The dark grey color represents grid elements that evaporate at atmosphere-controlled potential rates. In (39) these locations correspond to the second summation term, since there were no saturated regions within the catchment at that time. The lighter grey color represents catchment locations that evaporate at lower, soil-controlled rates. These grid elements correspond to the third summation term in (39). This sequence of images shows how spatial variability in the land surface and the atmosphere interact to yield the actual evaporation from the catchment. In the morning, when the potential evaporation rates are low, most of the catchment evaporates at these potential rates. As potential evaporation rates increase in the late morning, the exfi!tration capacities at drier grid elements are exceeded. These locations switch to soil-controlled evaporation. By midday, only the wettest grid locations can evaporate at potential rate. In this simulation, these locations are found along the stream network. As potential evaporation rates decrease in the late afternoon and evening, more grid locations within the catchment return to atmosphere-controlled evaporation. Simulations of transpiration by vegetation display analogous dynamics, but are not shown here.
The fact that downslope redistribution of soil water is an important control on runoff generation is well understood. However, Figure 4 presents a strong visual case that lateral redistribution of soil water is an important control on the spatial distribution of evapotranspiration rates as well. Furthermore, the nonlinearities associated with the exfiltrationtranspiration capacity-soil moisture relationships suggest that when soil and vegetation controls of evapotranspiration are active (e.g., during midday hours in Figure 4) Figure 5 shows the locations and rates of runoff generation for the two time steps of peak precipitation intensity (0145 UT (Figure 5 (left) ) and 02!5 UT (Figure 5 (fight) ). Catchment- Catchment area is 11.7 km 2, grid-element resolution is 30 m; north is at top of page. average rainfall rates for these times were 51 mm/h and 40 mm/h, respectively. The scale black to white represents runoff generation rates fi-om 30 mm/h to near 0 mm/h. The medium grey background represents the remaining catchment grid elements where no surface runoff was generated.
In the simulation, all runoff is produced by the infiltration excess mechanism: at this point in the summer there were no saturated regions within the catchment. The increase in the number of surface runoff producing locations between Figures 5a and 5b corresponds to the decrease in local infiltra- Figures 5a and 5b , the magnitude of surface runoff rates increases with increasing root zone soil moisture• increasing precipitation intensity, and decreasing infiltration capacity. Although (51a) and (52a) represent the predominant mechanisms of runoff generation, important differences between the macroscale and spatially distributed runoff formulations result from the different approaches to representing spatial variability. These differences were discussed in the evapotranspiration section. For example, comparison of Figure 7 to a similar plot for the spatially distributed simulation (not shown) shows that the macroscale simulation only produced runoff during one storm time step, as compared to two for the spatially distributed simulation (see Figure 5 ). This is primarily a result of forcing the macroscale simulation with areally averaged precipitation, thus smoothing out more intense local precipitation rates captured by the spatially distributed formulation. An approach to combat the bias induced by the macroscale formulation assumptions is described below for larger-scale applications.
Spatial Variability and the Macroscale Fluxes
Discussion
On the basis of our assumptions that the local and spatially distributed, catchment-scale formulations provide reasonable representations of !and surface-atmosphere interaction, this discussion focuses on applications of the macroscale formulation within atmospheric models. Model shortcomings and how to avoid them are discussed, as are model strengths, with implications for the parameterization of hydrological processes within atmospheric models.
The macro scale and spatially distributed formulations will likely diverge in their flux predictions as the scale of application increases (e.g., from mesoscale to GCM grid scales). Increasing spatial variability in atmospheric forcing, vegetation, and soil properties will render the macroscale assumptions too restrictive. To combat this problem, two alternatives exist to incorporate increased spatial variability into the macroscale model structure. The first alternative would allow certain soil and vegetation parameters listed in Table 1 (e.g., soil type or LAI), when directly correlated to the topographic-soil index, to vary with each interval of the distribution. This approach is effective as an idealized representation of high-frequency spatial variability in these parameters. The second option is to apply the macroscale formulation in "mosaic" mode [Avissar and oeielke, 1989; Koster and Suarez, 1992] when coupling to an atmospheric model, particularly one of lower resolution. In this implementation technique, a land surface grid square is partitioned into a number of subgrid patches based on major vegetation types. Climatic forcing may also be redistributed over the subgrid patches [Seth et al., 1994] . Applying the macroscale formulation in mosaic mode would yield spatial variability in atmospheric forcing and major vegetation types, and within each patch, spatial variability in the topographic-soil index, root zone moisture content, and the water and energy fluxes. The simple structure of the macroscale formulation is such that it should pose no greater computational burden than other land parameterizations implemented in the same manner. The current trend toward higher-resolution atmospheric modeling, particularly in mesoscale and regional models, may render the patch solution unnecessary.
While a number of research groups are adopting the mosaic approach for representing subgrid-scale spatial variability in vegetation and soils only, it is our belief that lateral redistribution of surface and subsurface soil water is a critical control on both runoff production and energy balance and should also be incorporated in macroscale models. The macroscale formulation shows that downslope redistribution of soil water yields spatial variability in root zone moisture content, which causes the different regions of land surface outlined above to contribute runoff and evapotranspiration at different rates. Saturated areas contribute runoff and evapotranspiration at maximum rates. Transitional areas contribute evapotranspiration at maximum rates and infiltration excess runoff at lower rates which are nonlinearly related to surface moisture content. Relatively dry areas contribute no runoff and contribute evapotranspiration at lower soil-and vegetation-controlled rates, which are also nonlinearly related to surface moisture content. The temporal dynamics of these regions and the nonlinearities mentioned above suggest that lateral soil water redistribution and the resulting subgrid-scale variability in surface moisture content should be included in macroscale hydrologic parameterizations for realistic modeling of grid-scale runoff and energy fluxes.
Summary
An approach to modeling water and energy balance processes at local, catchment, and macroscales is presented.
The approach involves aggregating well-known local process physics across scales using a topographic framework. A local SVATS is briefly described. 
